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HALOSCOPE - resonant search for axion DM in the Galactic halo

— original proposal by P. Sikivie (1983)

— search for axions as cold dark matter constituent: SHM from Acpy, local DM density p
— signal is a line with 107 relative width in the energy(— frequency) spectrum
— + sharp (10~!) components due to non-thermalized

— an axion may interact with a strong E field to produce a of a specific frequency (— 11,)
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HALOSCOPE - resonant search for axion DM in the Galactic halo

— if axions are almost monochromatic then their conversion to detectable particles (photons)
can be accomplished using high-Q microwave cavities.

— WrMonl = 4/ (67”)2 + (%)

TMy,,; are the cavity modes that couple with the axion

— resonant amplification in [mm, + m,/Q]

— data in thin slices of parameter space;
typically Q < Qu ~ 1/0% ~ 10°
— signal power P, is model-dependent

Power

p
Frequency Pa—)’y X (BZVQ)(gg.mea)

exceedingly tiny (~ 1072 W)

“The last signal ever received from the 7.5 W transmitter aboard Pioneer 10 in 2002, then 12.1 billion kilometers from
Earth, was a prodigious 2.5 x 10~21 W. And unlike with the axion, physicists knew its frequency!”
K. V. Bibber and L. Rosenberg, Physics Today 59, 8, 30 (2006)



HALOSCOPES: 2020 RESULTS

ADMX PRL 124, 101303 (2
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— sensitivity to QCD axion
— 2.82 — 3.31 pneV mass range

Qo ~ 30000, V = 1361
— 7.6T field

— cylindrical cavity at T = 100 mK,
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— 17.14 — 17.28 peV axion mass range
— squeezing doubled the search rate
— cylindrical cavity at T = 60 mK

Qo ~ 50000, V =1.51

— 8T magnet

“Roberto and I spent a few months cooking up this theory, and now the experimentalists have spent 40 years looking for it ”

H. Quinn
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HALOSCOPES: 2020 RESULTS
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— multi-cell
— powerful magnets
— tailored cavities for high frequency
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“Roberto and I spent a few months cooking up this theory, and now the experimentalists have spent 40 years looking for it ”

H. Quinn
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HALOSCOPES: DEMONSTRATORS AND NEW PROPOSALS
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QUAX - QUAERERE AXIONS

Detection of cosmological axions through their coupling to electrons or photons

ELECTRON COUPLING - QUAX the FMR haloscope

) the axion DM cloud acts as an effective RF magnetic field on the
IS N s“:f:fet'zed electron spin exciting magnetic transitions in a magnetized sample
----- > (YIG) — RF photons

""" > P, . m, 3.l W, ng Teni
“““ > P =2 —=8x10"% o 2 : =i N W
Wind n g x (2 -10—4 eV) (1 liter) (1028/m~‘) (10—63) ;

PHOTON COUPLING - QUAX ay high frequency range (8.5 — 11) GHz

DM axions are converted into RF photons inside a resonant cavity
immersed in a strong magnetic field

Py =33- 1074 W (e ) (&) x

(2257) (arottran) (secko) ()
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AXIONS AND MAGNONS

Microwave
Detector

n ™ Microwave cavity

R. Barbieri et al.,

Searching for galactic axions through magnetized media: The QUAX proposal
Phys. Dark Univ. 15, 135 - 141 (2017)
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L1 Detecting Light Dark Matter with Magnons
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Interaction of the axion with a spin 1/2
particle

AXION-MATTER

LNL and LNF haloscopes
00

L, = fu_lgmj?/ji’Y”VS "ﬁjaua

2
ihai—[ h

DFSZ axion model coupling with non relativistic (v/c < 1) electron: equation of motion reduces to
ot

2 &l
_r 2ot v
2m 2m 7 a} v
The interaction term is in the form of a spin—magnetic field interaction with Va playing the role of a
oscillating effective magnetic field

h
_ng . Va
m

. (g—p) Va
2e
v
—2ugo,
KB the Bohr maghefoh

B, = ‘g—’;Va

effective magnetic field
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QUAX: AXION DETECTION BY RESONANT INTERACTION WITH e~ SPIN

The interaction term has the form of a spin—magnetic field interaction with Va playing
the role of a

oscillating effective magnetic field

, mgac? m axion-electron
_“:fa: a :14(—”>GH2, “

58.5uev
— & hn,
Bﬂ = Z_EVH —— By= g;: m ‘;mava
effective magnetic field @

1
=7x1073 (0,4?&\/) ’ (58,;";6V) (220‘1)<am/s) T

— material magnetized by a static magnetic field B | axion wind

— DM sensing when the Larmor frequency of the electrons matches the
axion frequency f;.

— B, deposits in the sample the power P,
— P, gives rise to RF/pwave radiation <= axion signal

] = =
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THE EXPERIMENTAL TECHNIQUE: ELECTRON SPIN RESONANCE

Magnetic resonance (ESR/FMR) arises when energy levels of a quantized system of electronic moments are

Zeeman split (<= the magnetic system is placed in a uniform magnetic field By) and the system absorbs EM
radiation in the microwave range at the Larmor frequency (v ).

An experimental geometry with crossed magnetic fields is needed:
» Bpalongz — v =By, v=28GHz/T

> amicrowave field By is applied to the xy plane ,
sum of two counter-rotating fields 24 cos wt = A(e/“! + e~¢f)

» no resonance occurs when the AC field is parallel to By
» M ns is the magnetization density
By 1&

TEM102 Resonant Cavity
Extemal field BO along Z axis
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BLOCH EQUATIONS - SPIN PRECESSION

The evolution of the electron spin under the influence of external fields is

described by a set of coupled non-linear equations, modified to take into
account radiation damping.

TEM102 Resonant Cavity
External field BO along Z axis
B

YN ——
N crovave a9
MATERIAL IN FREE SPACE
M M MxM.
I = AMxB)y— — - ——=
dt T2 Moy
COUPLED LOOPS L ] AM. M M, M
—Y = 4MxB), - 2 - L=
dt T2 Moty
M Mo—M, M2+M:
z _ ’Y(M % B)z Mo z X Y
dat T1 M()Tr

- 7y radiation damping
- 71 longitudinal (spin-lattice) M

- 7T < 7 transverse (spin-spin) My y
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AXION DETECTION VIA ESR

The axion wind substitutes the transverse field Bl, inducing a variable magnetization component in the
magnetic sample in the xy plane

M, (£) = yppBalsTmin cos(wst)

Tmin 18 the shortest coherence time among;: _A_)(Ifrl o) g'e':::;‘:vei

— axion wind coherence time ¢, ~ ===== > skl

— magnetic material relaxation time 7 moma e

— radiation damping 7 Wind Microwave cavity
ns material spin density, pp is the Bohr magneton n Magnetized sample

Magnetized material with volume V; will

absorb energy from the axion wind at a rate

RADIATION DAMPING ISSUE

M AM at high frequency (2 10GHz)
Pn=uH-— =B,——~V, = 'YHanwaBnginVs the signal is suppressed via 7
dt dt term in free space (1, < ™, Tva)

that will be re-emitted as electromagnetic radiation
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RADIATION DAMPING AND STRONG COUPLING REGIME

— magnetized material inside a microwave cavity

— strong coupling regime: two separate resonances with width (e + 7'2_1)
— when the v, = v, the system hybridizes at maximum coupling

— axion detection is accomplished in one of the hybrid photon-magnon modes

0.6
04 06 . s
04 04 05 137 138 139 140 141
02 02 02 Frequency [GHz)
44 46 48 50 44 46 48 50 44 46 48



EXPECTED SIGNAL

ELECTRON COUPLING - QUAX

NEW CONCEPT! the FMR haloscope

) the axion DM cloud acts as an effective RF magnetic field on the
“ osnetesd electron spin exciting magnetic transitions in a magnetized sample
sample
(YIG) — RF photons

_ By —26 Mg * Vs ns Tmin
Fou = =" <38 x 10 200 eV ) \ 100 cm3) \2-10%8/m3 ) \ 2 s i

ESR (Electron Spin Resonance)
<<
the RF field is actually the axion effective field

> > axion mass tuning with B field!

YIG (Yttrium Iron Garnet) <€—— Y

1.7T —> 48 GHz Tmin = Min(7a, 7, 2)
under the condition of strmég coupling
—8
0.52
\L
P
R,=2=12x10"%Hz

corresponding signal photon rate

microwave photon counter is needed

0.48 =
137 138 139 140 141

Frequency [GHZ)

o (=] =
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EXPERIMENTAL CHALLENGES

N

o magnetized material with spin density 2 x 108 m—3 and FMR linewidth ~ 150 kHz (75 ~ 2 us)
— necessary magnetized sample volume ~ 100 cm? to be hosted in ~ 50 GHz frequency cavities
o ~ 10° Q-factor cavities in multi-Tesla magnetic field

e ppm level uniformity and high stability of the 2T magnetic field

— signal detection beyond SQL with linear amplifiers = single-photon microwave detectors

o 100 mK working temperature of the complete apparatus

o tunability with B field
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EXPERIMENTAL CHALLENGES - MAGNETIC MATERIAL

o magnetized material with spin density 2 x 10% m~3 and FMR linewidth ~ 150 kHz (75 ~ 2 us)

tested several magnetic materials => low hybridization or too large linewidth

YIG - Yttrium Iron Garnet (Y3Fe5012)

— a ferrimagnetic synthetic garnet

— commercially available spheres (max 2 mm-diameter),
linewidth not sufficiently narrow

We have successfully developed a procedure to get high quality
YIG spheres:

x acquire high purity (< 1ppm RE) YIG single crystals of cm3
size from manufacturers

o oo

* large crystal is cut into cubes of 2.5 mm sides

* grinding into 2 mm-diameter spheres using SiC abrasive
paper of different grit size

YIG FMR Linewidth [MHz]
e e e s e e uow

* polishing with Alumina based suspension

Grinding

Goo

Sic
P4000

Polishing
-

1

Inverted grit size (a.u.)

=

10000
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EXPERIMENTAL CHALLENGES - MAGNETIC FIELD UNIFORMITY
o Homogeneity at the ppm level is required to avoid inhomogeneous line broadening of the FMR resonance

9220

J4420 Axial profile
.

T T

Magnetic field relative units (ppm)
SNy

200 220 240 260 280 300

Axial distance (mm)

20 ppm over 1 cm, NbTi Superconducting coil
(solution from private company)
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QUAX DEMONSTRATOR - 2018 LHe results

Low frequency

\
|
. L \
i %www,w:““ W‘

Center 139861 GHz ‘Span 200.0 Wk
Res EW 1.3 MHz

10

AX (this work)
10710

2
3

o 1p12

White-dwarf cooling

. SC magnet

1074

Vacuum vessel DFSZ model
Electronics Magnetic field
, 16 ‘ ‘ ‘ ‘
(Ll S 105.852 5.8525 5.853 5.8535 5.854 5.8545 5.855
Axion mass [eV] %10

five 1-mm YIG spheres (Vs =2.6 mm?)

HEMT low noise cryogenic amplifier T, = 10K minimum measured value of

Te + Tn = 15K Qaee =49 x 10710 «= B, <26 x 10°VT

P = (—4.6 £222) x 1072 W N. Crescini, et al., Eur. Phys. J. C (2018) 78:703
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QUAX LIMIT ON AXION-ELECTRON COUPLING

QUAX 2018 QUAX 2019/2020 QUAX final
material volume 2.6 mm? 46 mm?® 10° mm?
system total noise _ R
temperature HEMT- 15K JPA-1K quantum counter S0 Pump Readot  Aux
relaxation time 0.1 microseconds 0.3 microseconds 2 microseconds @ 2
EPJC 78:703 (2018) + iK
= 5.9 & AL &
first limit on ge. PRI 124:171801 (2020)
150mK
- first FMR haloscope with mass scan via B @
- field sensitivity 5 10719 r
= . : . . D
g Frequency [GHz) o s
2 10.24 0.3 1032 1034 1036 1038 104 1042 & P ip
& & JPA
10°F % ﬂg §
3 wa a2 w7 w8 429 P 431 °
E-] Axion mass [neV]
10 ° |
101!

35 40 as
Axion mass [peV]
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MODELLING THE SYSTEM AND FREQUENCY TUNING

— new cavity at 10.7 GHz to match the JPC amplifier working frequency
— 10 spheres with max diameter 2.1 mm (selected out of about 20)

increasing the material

= need for improving hybridization control experiment
1
¥
for the FMR haloscope hybrid system G108
. . . > q
a model with 2 cavity modes + 2 magnetic modes works g il
— 10 spins, : 10.6 "/
— coherent response by 10 spheres, 2
— material relaxation time 84 ns 104
. - . L . 102 i
— hybrid mpde 1lis 1s_ola’ted, use it to search for axion: }nduced signals . 10 P TS
— by changing By, axion mass scan along the dashed line

Magnet current [A] Larmor frequency [GHz]
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REMOVING THE MAGNETIC MATERIAL FROM THE CAVITY: QUAX a-v

PHOTON COUPLING - QUAX ay high frequency range (8.5 — 11) GHz

DM axions are converted into RF photons inside a resonant cavity
immersed in a strong magnetic field

P =33 107 W (553585 ) (&) x

2
9y ( pe ) ( i ) ( Qr )
—0.97 0.45GeVem =3 13.5GHz 145000

e
Axion ~

target: high frequency range (8.5 — 11 GHz)

+ stronger magnetic field (8 T+ correction magnet to reduce stray field on electronics)
v high-Q cavity in intense B-fields
v low noise receiver, del fridge operation

Strengths:
high-Q hybrid cavities - NbTi sputtered on copper
dielectric resonators
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HiGH Q DIELECTRIC CAVITIES

normal conducting, Qp independent of B

NESTED CYLINDERS NIMA 985, 164641 (2021)
PHOTONIC CAVITY RSI 91, 094

1
09
110°
o~ 082
8 QL =632 000
0| beta=0.14
Frequency offset from peak frequency (Hz) Q0 =720000 o
210 2108 a10°
7010
Q0=290000 06
100000 -50000 0 50000 100000
f -0 (Hz)

€ [arb. units]
1

apphire
eylindrical shells

FIG. 2. Magniude o the electc ied of the frst o TH resonant modes: TMDTO
) and THOH ().

8
— sapphire rods

— T =5K, Qp ~ 290000
— control of rods critical

— hollow sapphire cylinders
— T =5K, Qp = 720000 (further improving. .. )
— cavity tuning by cyl. rotation

] = =
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QUAX a-v LIMIT ON AXION-PHOTON COUPLING
— copper cavity with conical end-caps
— two halves kept separated by lower conductivity material
— NbTi sputtering in central cylinder PHYS. REV. D 99, 101101 (2019)
(D Alesml) 10 T T T T T T
5 T
x10 e
el | T 3

- ZFC VNA-calibrated
- FCVNA-calibrated
-~ Copper Cavity

1000

Q,
R T e e

NEW! first test with JPA in 2020 reached a sensitivity of 3x KSVZ

in a sharp window — arXiv:2012.09498

Axion Coupling Igaw\ (

77 10° 10
Axion Mass m, (eV)

5

10% 10° 102 107
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QUAX COLLABORATION ROADMAP (2021-2025) INFN

Istituto Nazionale i Fisica Nucleare

— DM axion search (axion-photon coupling) by scanning yet unexplored mass values
in the (8.5 — 11) GHz range

— LNL and LNF INFN laboratories will work in synergy, operating in different mass ranges and using
different low noise amplifiers and single microwave photon detectors.

— strengthening collaborations with international groups for integration of
1. state-of-the-art itinerant microwave photon counters (E. Flurin, Saclay)
2. traveling wave JPA (N. Roche, Grenoble) in the receiver chain
3. high-Q cavities (SQMS, Superconducting Quantum Materials and Systems center led by Fermilab)

— [R&D] increase the signal power in the spin-based haloscope. Such a detector could be crucial for the
characterization of the axion models in case of discovery.
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QUAX COLLABORATION ROADMAP (2021-2025)
frequency (GHz)
— 1 LNF LNL
* Magnetic field 9T 14T
1o 0 Magnet length 40 cm 50 cm
'.*: Magnet inner diameter 9 cm 12 cm
8 wvig Frequency range 8.5 - 10 GHz 9.5-11 GHz
& Cavity type Hybrid SC Dielectric
Font ~ =F Scanning type Inserted rod Mobile cylinder
woll N HAYSTAC Number of cavities 7 1
L ::F Cavity length 0.3 m 0.4 m
TS Cavity diameter 25.5 mm 58 mm
S. Lee etal, PRL 124, 101802 (2020) ™a (&V) Cavity mode TMO010 pseudoTM030
Single volume 1.5-107* m® 1.5-107% m®
Performance for KSVZ model at 95% c.l. with Na = 0.5 Total volume 7®0.15 liters 0.15 liters
Nn.ise Temper?cure (.)A43 K 0.5 K QO 300000 1000000
Single scan time 3100 s 69 s
Scan speed 18 MHz/day 40 MHz/day Single scan bandwidth 630 kHz 30 kHz
Performance for KSVZ model at 95% c.l. with Na = 1.5 Axion power 7T®1.2-1003 W| 0991072 W
Noise Temperature 0.86 K 1K Preamplifier TWJPA/INRIM | DJJAA /Grenoble
Single scan time 12500 s 2805 Operating temperature 30 mK 30 mK
Scan speed 4.5 MHz/day 10 MHz/day
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